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NOTATION

Blade thickness fraction

Power coefficient

Thrust coefficient <:; T
p v 5
m——— ﬂ N '4
8 L ‘a

Pitch correction coefficient
Propeller diameter
Expanded area ratio
Acceleration due to gravity

Atmospheric pressure plus ‘.: submergence pressure at
0.7 section minus the cav.®™ pressure

\
Speed coefficient <: "a

e an ® o—

nd

Chord length

Chord length at 0,7 vadius

Revolutions per unit time

Shaft horsepower

Pitch ratio along the radius for finite cavitation numbers

Maximum propeller radius
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N Vi? + 0.7mp \

e Reynolds number lﬁhi a__ /)

v

r Radius of any propeller blade section
SC Maximum compressive stress
T Thrust
t Section thickness
tax Maximum section thickness along the radius X
va Speed of advance

(Vr) 0.7 Inflow velocity to section at 0.7 radius

X Nondimensional radius <L£i)
X Nondimensional radius at tﬁe hub
X FracFional distance along the chord measured from the
leading edge
y Pressurc face ordinate
Yiax Maximum pressure face ordinate along the radius X
Z Number of blades
A(p/D) Pitch correction coefficient
1 Propeller efficiency _EI_
Cp
v Kinematic viscosity
0 Density of fluid
00‘7 Cavitation numbzr at 0.7 radius 2gH 2gHJ2

2 2.2
\' + 4.
(P, Vil +4.80)
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ABSTRACT

This report presents theoretically derived series of
2-bladed supercavitating propellers with expanded area
ratios of 0.3, 0.4, and 0.5; 3-bladed propellers with
expanded area ratios of 0.4, 0.5, and 0.6; and 4-bladed
propellers with expanded area ratios of 0.5, 0.6, and
0.7. These propellers have a specified radial distri-
bution of the section chord and a hub radius of 0,2 of
the propeller radius. The series data are plotted in

the form of nondimensional coefficients so that the
performance of the propellers can be easily predicted
and a complete design obtained if desired.

INTRODUCTION

Supercavitating (SC) propellers, which have fully developed
cavitation on the suction side (back) of their blades, are of interest
to naval architects since conventional propellers experience an un-~
predictable performance breakdown, becausc of cavitation, when operated
at very high speeds.

This report presents series data which can be used to predict
the performance of SC propellers. Since an experimental series iu
costly and time-consuming, a theoretical series is of great value, if
only in a qualitative way. The series presented can be compared with
experimental resultsl’z’3 of propellers designed using this method. It
is apparent that there is some dcviation from the experimental values,
but this difference is not unreasonable compared to propellers design
from experimentally derived subcavitating series.

A 3-bladed supercavitating propeller series with an expanded
area ratio of 0.5 has already been derived at the Taylor Model Basin.4
Since the ultimate aim of a designer is to obtain the best propeller for
a given craft, there is need for a method of predicting the performance
of SC propellers due to variations in number of blades and expanded
ratio. The choice of the number of blades and expanded area ratio is

1References are listed on page 12,




important in designing propellers since the propeller stress is
dependent on these parameters. because the propeller stress is directly
related to the loading of SC propellers, which have sections that are
usually thin and highly stressed, the choice of these parameters is
invaluable.

In addition to stress considerations, the choice of number
of blades and expanded area ratio is also important since it has been
determined that any type of SC section operating at a given angle of
attack has an optimum point, i.e., a minimum drag-lift ratio, which
occurs at a specific lift coefficient.5 This means that the blade chord
becomes important in deriving the most efficient propeller.

This report presents a series of 2~-, 3-, and 4-bladed SC
propellers having various expanded area ratios. The results are
plotted in a series of diagrams in the form of nondimensional co-
efficients which can be used to predict the performince and character-

istics of SC propellers.
METHOD OF APPROACH

The series charts presented here were derived by first designing
a number of 2-, 3-, and 4-bladed SC propellers for zero cavitation
number operating in uniform flow. Each propeller had a hub radius of
0.2 of the propeller radius. The Reynolds numbers used for calculating
the section drag varied from 7.2 X 106 to 7.7 x 107 which corresponds to
propellers having a diameter of 3 feet and operating at a speed of ad-
vance of 60 knots. It should be noted that these propellers were designed
for the same diameter, speed of advance, speed coefficients, and non-
viscous thrust coefficients as those propellers designed to derive the
series presented in Reference 3, i.e., the speed coefficients covered a
range from 0,3142 to 1.5708 and the nonviscous thrust coefficients
covered a range frow 0.15 to 4.0.

Like the series derived in Reference 4, the nonviscous thrust
and power coefficients, ideal efficiency, and hydrodynamic pitch
distribution for each of the series of 2-, 3~, and 4-bladed SC propellers
were computed using Lerbs' moderately loaded propeller theory.6 This




propeller theory h:s been programmed for the high-speed computers at the
Model Basin.7

Once the above calculations were obtained, the next step was to
determine the viscous corrections that must be applied to these nonviscous
calculations, using the method given in Reference 1. In order to make
these calculations, it was necessary to know the vclues of the section
drag-1ift ratio, which is dependent mainly on the section lift coefficient
and angle of attack., Table 1 gives the radial distribution of the section
chord for each series. From these values, the viscous thrust and power
coefficients and propeller efficiency were calculated for each propeller.

The next step was to calculate the propeller pitch distribution
for nonzero as well as zero cavitation numbers, using the method given
in Reference 1. Since the amount of cavitation changes the thrust and
rower of a propeller, this effect must be compensated for by a corresponding
change in the propeller pitch. This was obtained by calculating the
pitch of each propeller at cavitation numbers ranging from 0 to 0.205
and comparing the results with the pitch calculated for zero cavitation
number.,

The section ordinates of the "IMB Modified Tulin Section,™
used on these propellers, were calculated next. The camber line of this
type section is the pressure side (face) of the foil, and the th.ckness
is applied between the camber line and the free-stream line. The camber
and thiclkness ordinates were calculated using the method presented in
Reference 1. The blade thickness fraction (BTF) was also calculated for
each propeller in order to compute the nominal stress at the blade root of

these propellers by a simplified method derived from Reference 8.
PRESENTATION OF DIAGRAMS

Most of the diagrams presented here are designated by a number
and letter. The number indicates the propeller parameter and the letter
indicates the rumber of blades and the expanded area ratio (EAR) of the
propeller. The letters a, b, and ¢ represent 2-bladed propellers having
expanded area ratios of 0.3, 0.4, and 0.5, respectively; the letters
d, e, and f represent 3-bladed prcpellers having expanded area ratl.. of
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0.4, 0.5, and 0.6, respectively; and the letters g, h, and i represent
4-bladed propellers having expanded area ratios of 0.5, 0.6, and 0.7,
respectively. It should be noted that the 3--bladed series diagrams
presented in Reference 4 are also presented here.

The propeller efficiency contours 7 and the pitch ratio
calculated at 0.7 radius for zero cavitation number P/D0 are presented
in Appendix A, Figures la through 1li, as a function of the thrust co-
efficient /EE_and the speed coefficient J and in Appendix B, Figures 2a
through 2i, as a function of the power coefficient /E;_and J. The
solid efficiency contours in these diagrams indicate the region where
the section-lift coefficient is between 0.0548 and 0.2 and the section
angle of attack is 2 degrees., The dashed portion below the solid
efticiency contours represents the region where the section-lift co-
efficiert is less than 0.0548, resulting in flat-face section¢ having
angles of attack less than 2 degrees. This area should be avoided because
face cavitaticn is likely to occur on SC sections operating at these small
angles. The dashed portion above the solid efticient contours re-
presents the approximate area where the section-lift coefficient is
greater than 0.2 and the angle of attack greater than 2 degrees. In
this region, the cavities become thick and section loading high, and the.
theoretical results may be in question., Also included in these diagrams
are maximum efficiency curves for obtaining the optimum rpm or diameter D.

The thrust coefficient C.,, power coefficient C

T P
efficient J and propeller efficiency 1 presented in Figures la through

s Speed co=-

2i were calculated using the following equations:

‘/CT = T (1]
P 2.2
a

—n IV
8
SSOPS
! P pHs
8 a
\ (3]
J = .-.--9'-.—
nD




and
1= (4]

where T is the propeller thrust,

Py is the shaft horsepower,

p  is the density of the fluid,

D is the propeller diameter,

v, is the speed of advance, and

n is the revolutions per unit time.

The propeller blade thickness fractions (BTF) derived for these
propellers are presented next in Appendix C, Figures 3a through 3i, as a
function of /@;’and J so the propeller stress can be calculated. An
approximate method for calculating the maximum compressive stress at the
blade root derived from Reference 8 is

. 2
1.95{‘0,1\ Va

o F———o (5
Z (BIF)
where BTF is the blade thickness fraction given in Appendix C.

As mentioned above, Appendices A and B give the pitch ratio
calculated at 0.7 radius for zero cavitation number P/Dd Since there is a
change in thrust and power of a propeller due to cavitation, a corre-
sponding change in this pitch must be made to offset the variation in
thrust or power. This change in P/Do due to zero cavitation numbers
(A(P/D)C,) is presented in Appendix D, Figures 4 through 4i. The
parameter C; is plotted in Figure 4 as a function of the section
cavitation number at the 0.7 radius (oy ,) only, where

00.7 ~ 2gH J2
v.? (3% 4.84)

(6]

and where H is the atmospheric pressure plus the submergence pressure at
0.7 section minus the cavity pressur., and g is the acceleration due to
gravity. The other parameter & (P/D) derived for these propellers is also
presented in Appendix D, Figures 4a through 4i, as a function °f\/65 and J.




The final pitch ratio at 0.7 radius for propellers operating

at various cavitation numbers (P/D}o 7 can be obtained from the egquation
= - A M
(p/D)o_ 7 P/n0 A(P/D}Cy (7]

where Cq is the pitch correction coefficient from Figure 4 of Appendix D
and A P/D is the pitch correction coefficient from Figures 42 through 4i
of Appendix D. The radial distribution of (P/b)0.7 is presented in Table
2.

The section ordinates at various radii for the propellers are
presented in Appendices E and F. The maximum face ordinates are presented
in Appendix E, Figures 5a through 8i, and the maximum thiclness ordinates
are presented in Appendix F, Figures 9a through 12i, as a function of
/EE‘and J.

A replot of the maximum efficiency curves given in Appendix A is
presented in Figures 13 through 20 to show the relationship of number of
blades and expanded area ratio to uptimum rpm and diameter. The incon-
sistency in these diagrams is undoubtedly due to the method of fairing
used as the curves were not cross~faired on the basis of number of blades
nor expanded area ratio. They do indicate, however, the trend dith

varying number of blades and expanded area ratio.
USE OF DIAGRAMS

For a design based on thrust T, the propeller efficiency N and
the 0.7 radius pitch for zero cavitation number P/Do can be obtained from
Appendix A, Figures l1a through 1li, depending on the number of blades and
expanded arza ratio, once che thrust coefficient /ﬁ;'and speed coefficient
J are obtained. Similarily, for a design based on shaft horsepower PS
values of 7, and P/D0 can be obtained from Appendix B, Figures 2a through
2i, once the power coefficient /ﬁ; and J are obtained. Equations [1],
(23, and [3] can be used to calculate\/EE’VTE; and J, respectively.

Figures presented in Appendices A and B can also be used to
obtain the optimum rpm or diameter D for a givea thrust or power. The
optimum rpm for a given diameter is obtained by plotting /6;'0r /G; on
the maximum efficiency line for a given CT or Cp i1 these figures., This

point represents the J that gives the optimum rpm for a given diameter,




and using this J vaiue, the optimum rpm can be calculated using Equation
[3]). The optimum diameter D for a given rpm is obtained by assuming a
diameter and plotting the calculated .J and /E; or /E; on the figures
presented in Appendices A and B. The J obtained at the intersection of
a st.aight line drawn from the origin of the dizgram through this point
and the line of maximum efficiency for a given CT/J2 or CP/J2 represents
the J that gives the optimum diameter for a given rpm. Using this J, the
optimum diameter D can be calculated using Equation [3].

It should be noted at tlds point that if the design being
considered is based on shaft horsepower, the corresponding CT must be
calculated since the remaining design diagrams are presented as a
function of /E; and J. This value of Cp
[4] once 1 and CP are obtained from Appendix B for the propeller based

can be calculated using Equation

on power.

The approximate maximum compressive stress of the propeller
can be calculated using Equation [5] where the blade thickness fraction
(RTF) is obtained from Appendix C, Figures 3a through 3i. The final
pitch ratio for the propeller at the 0.7 radius for any cavitation number
(P/D)0.7 is calculated using Equation [7] where P/D° is obtained from
Appendix A or B. Cy; is given in Appencix D, Figure 4, as a function of
9.7 Which is calculated using Equation [6]; and A(P/D) is given in
Appendix D, Figures 4a through Ai. The radial pitch distribution for
this propeller is then obtained from Table 2,

The section shape for these propellers can be obtained from
Appendix E which gives the maximum face ordinates (y/l)max and Appendix F
which gives the maximum thickness ordinates (t/l)max at various radii.
Once these ordinates are obtained, faired curves are then drawn to obtain
values for (y/l)max and (t/z)max at other radii where from theory,
(y/g)max is zero at the hub and tip., Table 1 gives the section chord
lengths ! chosen for these propellers. Thus, once Yimax and tinax are
obtained, the chordwise distribution of the ordinates y and t can be
pbtained using the distribution given in Table 3. The method of
completing the design of a SC propeller, using this series, is identical
to the method presented in the Appendix of Reference 3.




TABLE 2
Coefficients for Obtaining Radial Distribution of Pitch

X __P
(P/D), -
0.2 0.974
0.3 0.979
0.4 0.984
0.5 0.990
0.6 0.995
0.7 1.0
0.8 1.006
0.9 1.011
0.95 1.011
1.0 1.010
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CONCLUSION

Theoretical results have been presented for 2-bladed SC
propellers having expanded area ratios of 0.3, 0.4, and 0.5; for 3-bladed
SC propellers having expanded area ratios of 0.4, 0.5, and 0.6, and for
4-bladed SC propellers having expanded area ratios of 0.5, 0.6, and 0.7.
This theoretical series should be of great value, if only in a qualitative
way, in predicting the performance of SC propellers due to variations in
number of blades and expanded area ratio.

Caution must be exercised in using these results in any but a
qualitative way. This is especially true for designs which deviate too
much from the optimum efficiency curves. Experimental results indicate
that, as would be expected, there is more of a variation from the theoretical
results than for subcavitating propellers. The theory used is the beit
available for such propelliers, but questions arise as to the validity of
the lifting surface corrections used as well as the lift and drag
characteristics available for SC sections. These questionable areas
should not detract from the usefulness of the series presented since
the relative characteristics of different propellers would be expected
to change little.
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APPENDIX B
Cp-J DIAGRAMS FOR TMB SC PROPELLER SERIES
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APPEMNDIX C
BLADE THICKNESS FRACTIONS FOR TMB SC PROPELLER SERIES
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APPENDIX D
PITCH CORRECTION COEFFICIENTS FOR TMB SC PROPELLER SERIES
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Figure 4a - Pitch Correction Coefficient A(P/D) for Finite Cavitation Numbers for TMB
2-Bladed SC Propeller Series, EAR = 0.3
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Figure 4b = Pitch Correction Coefficient A (P/D) for Finite Cavitation Numbers for TMB

2-Bladed SC Propeller Series, EAR = 0.4
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Figure 4e = Pitch Correction Coefficient A(P/D) for Finite Cavitation Numbers for TMB
3-Bladed SC Propeller Series, EAR = 0.5
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Figure 4f - Pitch Correction Coefficient A(P/D) for Finite Cavitation Numbers for TMB
3-Bladed SC Propeller Series, EAR = 0.6
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51

1.5




0.I6

0.15

()

0.3

0i12

ol

olo

006

005

004

003

0.02

oXo ]

/|15 .
l/ I.I_3
RN
I T
LA o
il I los
N
L ee
LA
il / 07 1l
LU p ] / /
A /
L / /108
1/ ViR, /
L) I /
NAVAVINIY / 4 Jos
0 AT ATATA AR 4
[N/ s / o4
A T v
MMNLA ANV jd
WA 294V e8%4 ) A
aA v LA L LI 03
LY A AT T I P 1
WK/ 1 AT P LT
e T
AR e
YRR
Ver

Figure 4h - Pitch Correction Coefficient A(P/D) for Finite Cavitation Numbers for TMB
4-Bladed SC Propeller Series, EAR =0.6
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APPENDIX E

MAXIMUM FACE ORDINATES AT 0.3, 0.5, 0.7, AND 0.9 RADIUS FOR
TMB SC PROPELLER SERIES
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APPENDIX F

MAXIMUM THICKNESS ORDINATES AT 0.2, 0.5, 0.7, AND 0.9 RADIUS FOR
TMB SC PROPELLER SERIES

9l
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— Maximum Thickness

Figure Yc
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